Introduction

In recent times, free convective mass transfer flow has become an object of extensive research, as the effects of heat transfer along with mass transfer are the dominant features in many engineering applications such as cooling of nuclear reactors, high sinks in turbine, high speed aircrafts, chemical devices etc. MHD is the science of motion of electrically conducting fluid in presence of magnetic field. The study of MHD with heat and mass transfer in the presence of radiation and thermal diffusion have attracted the attention of a large number of researchers due to diverse applications in Astrophysics, Geophysics, Plasma Physics, Missile technology etc. Sattar and Kalim (1996) , Takhar et al. (1996) , Raptis and Perdikis (1999) , Choudhury and Ahmed (2018) etc.
The process of mass transfer that occurs by the combine effects of concentration as well as temperature gradients is known as thermal diffusion or Soret effect. The experimental investigation of the thermal diffusion effect on mass transfer related problems was first performed by
Basic Equations
Charles Soret in 1879. Several authors have carried out model studies on the Soret effect in different types of heat and mass transfer problems, among them are Afify (2009), Alam and Rahman (2005, 2006) , Alam et al. (2006) etc. Unsteady MHD free convective mass transfer flow past an infinite vertical porous plate with variable suction and Soret effect has been studied by Reddy et al. (2011) . Devi and Raj (2011) investigated thermo diffusion effects on unsteady hydromagnetic free convection flow with heat and mass transfer past a moving vertical plate with time dependent suction and heat source in a slip flow regime. Mythreye et al. (2017) considered chemical reaction and Soret effect on MHD free convective flow past an infinite vertical porous plate with variable suction. The Soret effect on free convective unsteady MHD flow over a vertical plate in presence of heat source is investigated by Bhavana et al. (2013) .
The effects of heat and mass transfer in MHD free convective flow past a moving vertical plate with time dependent plate velocity has been studied by Ahmed et al. (2017) .
The main objective of the present work is to study the thermal diffusion effect on MHD heat and mass transfer natural flow past a temporarily accelerated vertical plate with ramped wall temperature. The governing equations are solved by Laplace transform technique in closed form.
The equations governing the flow of a viscous incompressible and electrically conducting fluid in the presence of magnetic field are Equation of continuity:
Ohm's law:
Gauss' law of magnetism:
Energy equation:
Species continuity equation:
All the symbols are defined in the Nomenclature section.
Mathematical Formulation
We consider an unsteady MHD free convective flow of an incompressible viscous and electrically conducting optically thin fluid past a temporarily accelerated semi-infinite vertical plate with ramped wall temperature. A uniform strength of the magnetic field B 0 is applied normal to the plate directed into fluid region. We introduce a coordinate system (x * , y * , z * ) with X axis along the plate in vertical direction, Y axis normal to the plate and Z axis along the width of the plate. Initially the plate and the fluid were at rest at the same temperature T * ∞ and concentration C * ∞ . At time t * > 0, the plate is suddenly moved in its own plane with acceleration U 0 t 0 for 0 < t * ≤ t 0 and for t * > t 0 the plate moves with constant speed U 0 . Also the temperature and concentration of the wall are raised to T * ∞ + (T * w − T * ∞ ) t * t 0 and C * w respectively.
Fig. 4.1 Flow configuration
To make the mathematical model idealized, the present investigation is restricted to the following assumptions:
• Flow is one dimensional.
• All the fluid properties are considered constants except the influence of the variation in density in the buoyancy force term.
• Viscous dissipation and Ohmic dissipation of energy are neglected.
• Magnetic Reynolds number is assumed to be small enough to neglect the induced magnetic field.
• Induced electric field is neglected.
In view of these assumptions and under the usual Boussinesq approximation, the governing equations of motion are Continuity equation:
Momentum equation:
(4.10)
The Initial and boundary conditions are
It is emphasized by Cogley et al. (1968) that the rate of radiative flux in optically thin limit for a non-Gray gas near equilibrium is given by
Using (4.15), Equation (4.9) reduces to
In order to make normalize the mathematical model, we have introduced the following nondimensional variables and parameters:
All the physical quantities and parameters are defined in the Nomenclature section.
The non-dimensional form of the equations are
Subject to initial and boundary conditions
Method of Solution
On taking Laplace transforms of the equations (4.17) to (4.19) subject to conditions (4.20)-(4.23), we have obtained following differential equations
Subject to the boundary conditions:
The solutions of the equations (4.24) to (4.26) under the boundary conditions (4.27)-(4.28) are as follows:θ
Taking inverse Laplace Transform of the equations (4.29) to (4.31), the temperature, concentration and velocity fields are derived as follows:
u 3 = A 7 ψ 9 + A 8 e a 5 t ψ 10 u 4 = A 9 e a 1 t ψ 11 − e a 1 (t−1)ψ 11 +A 10 e a 5 t ψ 10 − e a 5 (t−1)ψ 10 +A 11 (ψ 9 −ψ 9 )+A 12 (ψ 7 −ψ 7 )
u 8 = A 9 e a 1 t ψ 4 − e a 1 (t−1)ψ 4 + A 10 e a 5 t ψ 13 − e a 5 (t−1)ψ 13 + A 11 (ψ 2 −ψ 2 ) + A 12 (ψ 3 −ψ 3 ) u 9 = A 13 e a 1 t ψ 6 − e a 1 (t−1)ψ 6 +A 14 e a 3 t ψ 12 − e a 3 (t−1)ψ 12 +A 15 (ψ 5 −ψ 5 )+A 16 (ψ 1 −ψ 1 )
All the functions and constants are defined in the Appendix section.
Skin friction
The viscous drag at the plate is specified by Newton's law of viscosity in the form
The coefficient of skin friction at the plate is given by
τ 7 = A 7 Ω 9 −Ω 9 + A 8 e a 5 t Ω 10 − e a 5 (t−1)Ω 10 τ 8 = A 9 e a 1 t Ω 11 − e a 1 (t−1) Ω 11 +A 10 e a 5 t Ω 10 − e a 5 (t−1)Ω 10 +A 11 Ω 9 −Ω 9 +A 12 Ω 12 −Ω 12 τ 9 = A 13 e a 1 t Ω 13 − e a 1 (t−1)Ω 13 +A 14 e a 3 t Ω 6 − e a 3 (t−1)Ω 6 +A 15 Ω 7 −Ω 7 +A 16 Ω 8 −Ω 8
All the functions are defined in the Appendix section.
Rate of heat transfer
The heat flux from the plate to the fluid is governed by the Fourier law of conduction in the form
The rate of heat transfer at the plate in terms of Nusselt number is given by
Rate of mass transfer
Mass flux from the plate to the fluid is quantified by Fick's law of diffusion in the form
The rate of mass transfer in terms of Sherwood number is given by 
Conclusions
An investigation of unsteady MHD free convective heat and mass transfer flow of an electrically conducting fluid past a vertical plate in presence of thermal diffusion with ramped wall temperature is carried out. The present investigation leads to the following conclusions:
• Fluid motion is decelerated due to the application of magnetic field.
• Fluid velocity increases with the increase in Soret number.
• Temperature of the fluid drops due to the effect of ramped parameter.
• Concentration level of the fluid falls for increasing Schmidt number.
• Viscous drag at the plate is increased due to the effect of thermal diffusion.
• The rate of heat transfer is increased with the increase in radiation. 
A 8 = a 4 a 5 , A 9 = a 4 a 6 (a 1 + RaR) a 2 1 (a 1 − a 5 )
, A 10 = a 4 a 6 (a 5 + RaR) a 2 5 (a 5 − a 1 ) A 11 = − (A 9 + A 10 ) , A 12 = a 4 a 6 RaR a 1 a 5 , A 13 = a 6 a 7 (a 1 + RaR) a 2 1 (a 1 − a 3 )
A 14 = a 6 a 7 (a 3 + RaR) a 2 3 (a 3 − a 1 )
,
ψ 5 = ψ (Pr Ra, RaR, y,t) ,ψ 5 = ψ (Pr Ra, RaR, y,t − 1) H (t − 1) ψ 6 = ψ (Pr Ra, a 1 + RaR, y,t) ,ψ 6 = ψ (Pr Ra, a 1 + RaR, y,t − 1) H (t − 1)
ψ 7 = f (Ra, MRa, y,t) ,ψ 7 = f (Ra, MRa, y,t − 1) H (t − 1) ψ 8 = ψ (Ra, a 3 + MRa, y,t) ,ψ 8 = ψ (Ra, a 3 + MRa, y,t − 1) H (t − 1) ψ 9 = ψ (Ra, MRa, y,t) ,ψ 9 = ψ (Ra, MRa, y,t − 1) H (t − 1) ψ 10 = ψ (Ra, a 5 + MRa, y,t) ,ψ 10 = ψ (Ra, a 5 + MRa, y,t − 1) H (t − 1) ψ 11 = ψ (Ra, a 1 + MRa, y,t) ,ψ 11 = ψ (Ra, a 1 + MRa, y,t − 1) H (t − 1) ψ 12 = ψ (Pr Ra, a 3 + RaR, y,t) ,ψ 12 = ψ (Pr Ra, a 3 + RaR, y,t − 1) H (t − 1) ψ 13 = ψ (RaSc, a 5 , y,t) ,ψ 13 = ψ (RaSc, a 5 , y,t − 1) H (t − 1)
Ω 1 = F (Ra, RaM,t) ,Ω 1 = F (Ra, RaM,t − 1) H (t − 1) Ω 2 = Ω (Ra, a 3 + MRa,t) ,Ω 2 = Ω (Ra, a 3 + MRa,t − 1) H (t − 1) Ω 3 = Ω (Ra, RaM,t) ,Ω 3 = Ω (Ra, RaM,t − 1) H (t − 1) Ω 4 = Ω (Ra, a 5 + MRa,t) ,Ω 4 = Ω (Ra, a 5 + MRa,t − 1) H (t − 1)
Ω 5 = Ω (Ra, a 1 + MRa,t) ,Ω 5 = Ω (Ra, a 1 + MRa,t − 1) H (t − 1) Ω 6 = Ω (Pr Ra, a 3 + RaR,t) ,Ω 6 = Ω (Pr Ra, a 3 + RaR,t − 1) H (t − 1) Ω 7 = Ω (Pr Ra, RaR,t) ,Ω 7 = Ω (Pr Ra, RaR,t − 1) H (t − 1) Ω 8 = F (Pr Ra, RaR,t) ,Ω 8 = F (Pr Ra, RaR,t − 1) H (t − 1)
Ω 9 = − RaSc πt Ω 10 = Ω (RaSc, a 5 ,t) ,Ω 10 = Ω (RaSc, a 5 ,t − 1) H (t − 1)
Ω 11 = Ω (RaSc, a 1 ,t) ,Ω 11 = Ω (RaSc, a 1 ,t − 1) H (t − 1) Ω 12 = L (RaSc,t) ,Ω 12 = L (RaSc,t − 1) H (t − 1) Ω 13 = Ω (Pr Ra, a 1 + RaR,t) ,Ω 13 = Ω (Pr Ra, a 1 + RaR,t − 1) H (t − 1) 
L (ξ ,t) = −2 ξ t π H (t − 1) = 0, t < 1 1, t > 1 is the unit step function.
